ABSTRACT An adaptive distributed consensus protocol (ADCP) for the automatic generation control of large-scale interconnected power systems is proposed in this paper. An updated strategy of the parameters of the ADCP is designed. Furthermore, the stability of the proposed ADCP is analyzed. A four-area power system that all the areas are connected in the large-scale interconnected power system is simulated in this paper. Comparing with the simulation results obtained by three control protocols, i.e., none protocol, distributed consensus protocol, and the proposed ADCP, the ADCP can obtain higher control performance. The feasibility and effectiveness of the ADCP are verified through the simulation results.
I. INTRODUCTION
The North American blackout in 2003 [1] shows that the distributed control in large-scale interconnected power systems is an essential method. The large-scale interconnected power system should have the ability of self-healing, self-organization and robustness, especially in the case of physical elements and network communication delay or links failures [2] , [3] . Therefore, the distributed consensus protocol (DCP) or hierarchical distributed consensus control has been applied to a large-scale interconnected power system, which has a large-scale distributed generators or micro sources [4] , [5] . Moreover, a compound control strategy with model predictive control and distributed leader-following consensus control strategy has been proposed for frequency regulation of source-grid-load systems [6] ; A three-layer ''centralized coordination, distributed control'' structure has been proposed for dynamic power systems [7] ; An adaptive weight-adjustment technique has been suggested for smart grids subject to communication uncertainties [8] . The DCP of large-scale interconnected power systems has been regard The associate editor coordinating the review of this manuscript and approving it for publication was Jason Gu.
as an important role when the network communication links delay or failure [9] , [10] .
However, the convergence speed of these DCPs should be further increased. Moreover, the agents based on the conventional DCPs may converged to multiple convergence values rather than one convergence value over time-varying directed graphs. For example, a broadcast-based distributed protocol for distributed optimization of a sum of convex functions has been developed, and the consensus speed λ depends on the properties of the sequence {G(t)} [11] . A distributed hierarchical control has been designed for direct current microgrids with full consideration of underlying communication topology [12] . A two-layer improved average consensus algorithm of multi-agent system has been proposed in [13] . A robust distributed system incremental cost estimation algorithm has been introduced to solve the economic dispatch problem in a smart grid environment in a distributed way considering communications information losses [14] .
To increase the convergence speed of the DCP and improve the convergence performance of the DCP, an adaptive auxiliary protocol should be developed. Numerous adaptive auxiliary protocols have been designed for many applications. For instance, a second-order consensus problem of nonlinear multi-agent systems with time delay and intermittent communications has been discussed, and the adaptive intermittent information has been distributed with a time-varying coupling weight to each node in the communication [15] . A distributed adaptive output feedback protocol has been achieved leader-follower consensus for any directed graph containing a directed spanning tree with the leader as the root [16] . The edge-based adaptive protocol which assigns a time-varying coupling weight to each edge in the communication has been proposed [17] .
Numerous DCPs have been applied or proposed for microgrids, load frequency control (LFC) or automatic generation control (AGC). For example, A distributed non-Lipschitz control framework has been designed for selforganizing microgrids with uncooperative and renewable generations [18] . A multiagent-based consensus algorithm for distributed coordinated control of distributed generators in the energy internet has been developed [19] . A distributed control strategy has been designed for frequency regulation in smart grids based on the consensus protocol [20] . A fully distributed diffusion strategy has been applied to a multiagent-based optimal microgrid control scheme [21] . However, adaptive DCP hasn't been applied to the AGC of large-scale interconnected power systems.
Therefore, an adaptive distributed consensus protocol (ADCP) for AGC of large-scale interconnected power system is proposed in this paper. The proposed ADCP is based on DCP, which has been applied to load frequency control in smart grids with communication topology change [22] . The major features of the adaptive auxiliary strategy of the ADCP in this paper is that the parameter of the ADCP can be updated at each iteration.
The paper is organized as follows. Section II describes the communication framework of power systems. The description of DCP is given in Section III. The basic principle of the proposed ADCP is presented in Section IV. Section V presents stability analysis of the ADCP. Simulation results are presented in Section VI. Finally, Section VII briefly concludes this paper.
II. COMMUNICATION FRAMEWORK OF POWER SYSTEMS
The centralized control scheme of a large-scale interconnected power system is shown in FIGURE 1. In this scheme, each control area exchange information with a ''Control Center''. The generation command for each generator should be obtained from ''Control Center''.
The distributed control scheme of a large-scale interconnected power system is shown in FIGURE 2. In this scheme, each control area can exchanges information with every control area. The generation command for each generator can be obtained from its own area.
To mitigate the random error and to improve the robustness of the automatic generation control of a power system, the centralized control scheme can be replaced by distributed control scheme. The communication protocol should meet the International Electrotechnical Commission 61850 standard. Regarded each area as one single generator, the dynamical equations for the i-th area can be described as follows.
where f i is the frequency deviation of the i-th area; T ij is the synchronizing power coefficient between the i-th area and the j-th area; T chi is the time constant of the i-th turbine; T gi is the time constant of the i-th governor; D i is the damping coefficient of the i-th governor; R i is the droop characteristic of the i-th generator; M i is the moment of inertia of the i-th governor; p ij tie is the tie-line power flow between the i-th area and the j-th area; p Ci is load reference set-point of the i-area; p vi is the turbine value position deviation of the i-th turbine; p mi is the generator mechanical power deviation of the i-th generator; p Li is the load deviation of the i-th area, and p Li = 0.
The state variables are
tie ] T , and the input variables are u i = p ci . The control system of large-scale interconnected power systems can be described as follows,
where the system matrices can be calculated as follows,
III. DISTRIBUTED CONSENSUS PROTOCOL
If the network communication infrastructures are completely reliable, the DCP of each area can be described as follows [22] ,
where K i and K ij are the constant feedback gains matrices.
With the DCP is applied into Eq. (2), the large-scale interconnected power system control system can be described as follows,
where K i and K ij are the parameters of the DCP of the control strategy. The system response is determined once these parameters are confirmed as fixed parameters. The overshoot could be serious when the convergence rate is high. To solve the problem, an ADCP for large-scale interconnected power systems is proposed in this paper.
IV. ADAPTIVE DISTRIBUTED CONSENSUS PROTOCOL
The contradictory issues will be solved if continuously update these parameters. That is to say, the convergence speed of the DCP will be higher and all the stable values of all the agents will be the same if the probability parameters of the DCP is confirmed (FIGURE 3 ). The power system will have no overshoot and high convergence rate if these parameters update continuously. The ADCP of the i-th area in the k-th iteration can be described as follows,
where K i and K ij are the k-th iteration finite feedback gains matrices.
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The discretized system in the k-th iteration can be calculated as follows,
Therefore, K i (k+1) and K ij (k+1) are the most important parameters of the discretized system. In this paper, these parameters of the ADCP can be updated as follows,
where K a is the parameter of the ADCP, K a is set to 0.001 in this paper for the AGC problem; F is the constant of the ADCP, F for the AGC problem is set to 0.01 in this paper. These parameters are 0 if the summation of state variables is less than the constant value F. The major difference between the DCP and the proposed ADCP is that the parameters of the control strategy based on the ADCP (i.e., K i and K ij ) are variables, rather than constants for the DCP.
V. STABILITY ANALYSIS OF THE ADAPTIVE DISTRIBUTED CONSENSUS PROTOCOL
The feedback system of the large-scale interconnected power system can be described as follows, 
B. THEOREM 2
If the matrix W = w ij N ×N is an M -matrix, a linear system will be globally asymptotically.
where G i , H i are symmetric positive definite matrices satisfy the Lyapunov matrix equation.
And λ m (•), λ M (•) are the minimum and maximum eigenvalues of the corresponding matrices, respectively.
C. STABILITY ANALYSIS
Each area have a control centre, each centre communicate with others by R i , assume that the system (A i , B i ) is controllable. During the time range [0, t f ], the state feedback control protocol cane be calculated as u i (t) = −K i x i (t), which makes the cost functions to the minimize value.
where S i , Q i are semi-definite symmetric matrices; R i is positive definite symmetric matrix. Based on that cost function, the linear quadratic regulator state feedback actions like can be updated as follows,
where K i (t) can be calculated as follows,
Therefore, the positive definite matrices can be obtained by the algebraic Riccati equation as follows,
And the terminal conditions can be calculated as follows,
The stability state feedback matrices is selected to accelerate the convergence rate.
Since P i (∞) and K i (∞) are constant in the steady state, the feedback gains recursively are no need to compared.
The transform matrix T i from the equation can be described as follows,
where t ik is the k-th right eigenvector of A i . The diagonal formed system can be described as follows, Define the Lyapunov equation as follows,
where H i can be calculated as follows,
And the test function is
The matrix W is an M -matrix, the diagonal formed system is stable, and the controlled power system is stable.
VI. SIMULATIONS A. FULLY-CONNECTED FOUR-AREA POWER SYSTEM
To verify the feasibility and effectiveness of the proposed ADCP, the DCP and non protocol method are compared in a fully-connected four-area power system. The large-scale interconnected power system has four generation areas, and all the areas are connected with each other. The configured Simulink time of this simulation is 200 s in MATLAB 2017b environment. The base unit per unit (p.u.) is set to 100 MVA. The powers system models are sampled by T =0.001 s sampling period. All the initial frequency deviations of all the areas in this power system are set to 0.05 Hz. Last for 200 s with each protocol. These parameters of this four-area power system are listed in TABLE 1. 
4)
With the adaptive parameter is applied into the proposed ADCP, the proposed ADCP can obtain the highest control performance for the automatic generation control of large-scale interconnected power systems with fully-connected areas.
B. NON FULLY-CONNECTED POWER SYSTEM
Four cases are designed in this simulation, i.e., fullyconnected power system based on the DCP, non-fullyconnected power system based on the DCP, fully-connected power system based on the ADCP, and non fully-connected power system based on the ADCP. The connected framework of non-fully-connected power system has five structures (FIGURE 8 The simulation results (FIGURE 9, FIGURE 10, FIGURE 11, and FIGURE 12) show that 1) Compared with the DCP, the proposed ADCP can obtained higher control performance with the smaller frequency deviation in the stable state (After the time of 300 s in FIGURE 9 ). 2) Since the adaptive protocol is applied in the ADCP, all the convergence value of frequency deviations of all the areas in the interconnected power system obtained by the ADCP can be effectively converged to the same value in the case of non-fully-connected. FIGURE 12 ).
VII. CONCLUSION
An adaptive distributed consensus protocol for automatic generation control of large-scale interconnected power systems is proposed in this paper. An updated strategy of the parameters of the proposed adaptive distributed consensus protocol, which of the stability is analyzed, is then designed. The simulation results obtained in the fully-connected power system and non fully-connected power system, show that the adaptive distributed consensus protocol can effectively obtained high control performance. The major features of the proposed adaptive distributed consensus protocol can be summarized as follows, 1) The parameters of the control strategy of the adaptive distributed consensus protocol can be updated at each iteration. 2) Since the adaptive auxiliary protocol are designed, the convergence speed of the distributed consensus protocol can be increased by the adaptive distributed consensus protocol. 3) Since the parameters of the adaptive distributed consensus protocol can be updated at each iteration, the convergence performance of the distributed consensus protocol can be improved by the adaptive distributed consensus protocol. The proposed adaptive distributed consensus protocol will be applied to automatic voltage control and secondary voltage control.
A. NOMENCLATURE
The following symbols are used in this paper: 
